A procedure has been developed for determining the chemical composition and relative abundance of the amorphous or glassy material, as well as crystalline phases, present in coarse coal gasification ash, in order to assist in predicting the behaviour of the material in cement/brick/concrete applications. The procedure is based on a combination of quantitative X-ray diffraction (XRD), chemical analysis and electron microprobe studies.
also significantly affects the strength of slags [9] . Knowledge of the glassy fraction is therefore important in understanding more fully aspects of coal gasification ash behaviour, as well as the development of sintered ash particles in gasification systems.
The main objective of the present study was to use recently-developed analytical techniques to investigate the nature and abundance of the mineral and glass phases present in coarse gasification ash (hand-picked clinkers and heated stone particles) from the Sasol process, as well as to evaluate the chemical composition of the different components, including both the minerals and the glass, and if possible to identify their relation to the mineral matter in the feed coal. The principal technique used was quantitative X-ray diffraction, including procedures to evaluate amorphous components in coal ash described by Ward and French [11] , along with bulk chemical analysis, optical microscopy and electron microprobe investigations.
Materials and methods
Samples of "turnout" test material were taken from Sasol-Lurgi fixed-bed dry-bottom (FBDB) Gasifier Number 41, using the sampling procedure developed by Bunt [12] . A number of different clinker particles and partially burned carbonaceous shale fragments were selected from the coal gasification ash (Fig. 1 ) on the basis of their colour and size.
Thin sections, polished sections and polished thin sections were prepared from these particles for optical and electron microscope studies. Selected polished thin sections were further analysed in a Cameca SX-50 electron microprobe, using procedures described by Patterson et al. [13] .
On a hand-specimen scale many of the samples contained partly burnt carbonaceous shale and other rock fragments, set in a fine-grained glassy matrix (Fig. 2, top left) . The fragments commonly showed reaction rims around the contact with the matrix, developed as they became incorporated into the clinker while moving through the gasifier bed.
Under the microscope some fragments still displayed their original sedimentary texture, with granular silt-and sand-sized particles surrounded by partly fused matrix material (Fig. 2, top right) . The matrix containing these fragments was seen under the microscope to consist mainly of elongate feldspar crystals, set in a very fine-grained, essentially glassy vesicular groundmass (Fig. 2 , bottom left and right). The off-cuts from the sections, representing duplicates of the clinker and coal ash particles studied under the microscope, were pulverized, and the respective powders analysed by X-ray diffraction (XRD) using a Philips X'pert PW1830 diffractometer system. The percentages of the individual crystalline phases (minerals) in each sample were determined using the Rietveld-based Siroquant software system [14] , with XRD data for a poorly crystalline metakaolin component incorporated in each task to evaluate openUP the proportion of non-crystalline (amorphous) or glassy components [11] . The results obtained from this approach were checked by separate tests involving the addition of a weighed-in ZnO spike to some coal ash samples [11] , which confirmed that the metakaolin provided a consistent basis for evaluation of the amorphous content.
The chemical composition of each powdered sample was also determined by X-ray fluorescence (XRF) spectrometry, based on the sample preparation procedures of Norrish and Chappell [15] . The abundance of the individual crystalline phases as indicated by the XRD analysis, combined with the respective stoichiometric compositions, was used to estimate the overall chemical composition of the crystalline components. Electron microprobe studies, discussed further below, confirm that the use of stoichiometric compositions is appropriate to represent the principal minerals, especially quartz and anorthite, in the bulk gasification ash, heated stone and clinker samples of the present study. The overall composition of the glassy (amorphous) phase in each case was then estimated by subtracting the proportion and inferred composition of the crystalline phases from the bulk ash composition, following procedures described by Ward and French [11] .
The mineral matter in the feed coal for the gasifier was also evaluated, to provide information on the sources of the different ash components. A sample made up of −1 mm particles of the crushed feed coal was screened on a 0.25 mm sieve to produce a fine coal (100% <0.25 mm particles) and a coarse coal fraction (100% >0.25 mm particles). Each fraction was separated by float-sink techniques at a density of 1.56 g/cm 3 into a lowdensity ("floats") fraction, a "middlings" fraction, and a high-density or "sinks" fraction.
The mineral matter in the feed coal, and also the individual size and density fractions, was isolated using low-temperature oxygen-plasma ashing [16] , and the resulting LTA residues subjected to quantitative Rietveld-based X-ray diffraction analysis [17] .
Results and discussion

Mineral matter in feed coal
As indicated in Table 1 (Fig. 3) , suggesting on the basis of other studies [19] that they may be associated with the carbonate minerals in the feed coal. Note: LOI = Loss on ignition at 1050 °C.
Samples:
Coal LTA = inferred chemistry of coal ash based on mineralogy of LTA ( Table 1) .
Clinker 1 = a small heterogeneous clinker with black and white colours taken from the gasification ash exiting the gasifier.
Clinker 2 = a medium heterogeneous clinker with white and black colours taken from the gasification ash exiting the gasifier.
Clinker 3 = a large heterogeneous clinker with black colour taken from the gasification ash exiting the gasifier.
Clinker 4 = a large heterogeneous clinker with white colour taken from the gasification ash exiting the gasifier.
Clinker 5 = a largest heterogeneous clinker with black colour taken from the gasification ash exiting the gasifier.
Clinker 6 = a largest heterogeneous clinker with white colour taken from the gasification ash exiting the gasifier.
Clinker 7 = one lump of clinker sample taken from the bottom of the ash-bed area during turnout sampling.
Clinker 8 = one lump of clinker sample taken from the gasification zone area during the turnout sampling.
Clinker 9 = a large heterogeneous clinker with white and black colour taken from the gasification ash exiting the gasifier ( Table 6 and Table 7 ).
Clinker 10 = a largest heterogeneous clinker with white and black colour taken from the gasification ash exiting the gasifier ( Table 6 and Table 7 ).
Heated stone 1 = one lump of partially burnt carbonaceous shale taken from the gasification ash exiting the gasifier.
Heated stone 2 = one white lump of partially burnt carbonaceous shale taken from the gasification ash exiting the gasifier. The composition of the bulk ash from the gasifier is similar to the ash chemistry expected from the mineral matter of the feed coal, calculated from the percentages and stoichiometric compositions of the minerals listed in Table 1 . The abundance of bassanite has given rise to a greater percentage of (inferred) SO 3 in the LTA than that observed in the bulk gasification ash. The difference may reflect the higher temperatures associated with the gasification process, which would be expected to break down any calcium sulphates and convert more of the sulphur to volatile form.
As discussed more fully below, the wide variations in chemical composition of the clinker samples are also reflected in the mineralogical composition of the materials, as well as the nature of the glasses occurring in the respective sample types. Each sample typically represents an individual fragment of either coal or carbonaceous shale (stone) that occurred within the coarse feed coal, after being been subjected to the high temperatures and pressures of the gasification process. For example, the results given in 
Mineralogy of bulk gasification ash and clinker samples
XRD analysis (Table 3) Table 3 Dynamic high temperature XRD studies on other materials [22] suggest that mullite and cristobalite form from the residues of clay minerals in the parent coal, especially the kaolinite, by solid-state reactions that commence at around 1000 °C. Solid-state reactions in calcium-rich mineral matter produce anorthite at similar temperatures, with quartz and/or clay mineral residues being incorporated into the anorthite as part of the process.
When tested at progressively higher temperatures the anorthite begins to react with the melt at around 1200 °C, and the mullite and cristobalite in Ca-poor ashes begin to react with the melt at around 1400 °C. Cooling of the molten material, especially the slow cooling associated with the gasifier bed may also be expected to produce crystals of anorthite, as well as the pyroxene mineral diopside, in a manner analogous to the crystallisation of magmas in igneous rock formation. Table 4 and Table 5 provide data on the inferred chemical composition of the crystalline minerals and the glass phases in the ash, clinker and heated rock (stone) samples, estimated from the XRD and whole-sample chemical data ( Table 2 and Table 3) following the methodology described by Ward and French [11] . As might be expected Negative percentage values are noted in some instances. These may reflect overestimation of the abundance of particular crystalline phases (e.g. anorthite), or possibly under-estimation of glass content, by the XRD technique.
Interpretation of glass composition from XRD and chemical data
As pointed out by Ward and French [11] , the material identified as glass by the XRD technique is not necessarily of uniform composition within the individual ash samples. It may also include particles of crystalline components that are too low in abundance or too small in particle size to be identified separately by X-ray diffraction methods. Some of the crystalline phases, such as mullite, may also have different chemical compositions to the stoichiometric data used in interpreting the XRD results. Although the electron microprobe study has identified some discrete solid particles made up mainly of Fe and
Ti (see below), these make up only a small proportion of the relevant ash or slag samples.
None of the crystalline phases identified in the samples by XRD techniques would normally be expected to contain iron, titanium, magnesium or sodium, and these elements are therefore interpreted from the XRD and bulk chemical data to occur only in the glassy phases of the samples studied. wider range of samples, based on the microprobe study, is given in Table 6 . 
Determination of glass and mineral compositions by electron microprobe analysis
Quartz and feldspar crystals
The quartz grains in the bulk gasification ash, heated stone and clinker samples are typically irregular, broadly equidimensional particles, and probably represent unreacted fragments inherited from the coal and non-coal (sandstone, siltstone, carbonaceous shale) components in the feedstock to the gasification process. Fig. 4 , top left, for example, shows a series of silt-sized quartz grains each around 10 μm in size. Table 6 indicates that the quartz particles are essentially pure, with usually more than 98% SiO 2 . Traces of Al 2 O 3 , Fe 2 O 3 , CaO and TiO 2 are also present in some cases.
The data indicate that the quartz grains, which might otherwise react to form feldspar or glass, especially above the quartz melting point of 1710 °C, can also persist as essentially unreacted particles throughout the different stages of the gasification process. Benson [23] indicates that quartz in lignite samples changes to β 2 -tridymite on heating (870-1470 °C). Quartz particles in the gasifier may crack at elevated temperatures (above 870 °C) associated with phase changes such as cristobalite formation. The non-silica components detected in the quartz particles in the present study may thus be inherited from inclusions in the original quartz grains, material introduced in conjunction with any such cracking, or contamination of the individual fields analysed by the surrounding glassy material.
Although both potassium feldspar and anorthite (Ca-feldspar) were noted in the bulk coal gasification ash sample (Table 6 ), the feldspar crystals in the other heated stone and clinker samples were found to be essentially pure anorthite. As indicated in Table 6 According to Matjie et al. [1] , the reducing conditions maintained by ferrous oxide and the higher temperatures in the carbon-rich particles enhance the molten phase formation.
Some heated rock fragments with remnant pyrite, oxidized pyrite (pyrrhotite and FeO (wustite)), unreacted quartz and potassium feldspar grains, and unburned carbon particles are encapsulated by molten material [1] . On cooling the ash with steam injection at the bottom of the gasifier, anorthite and to a lesser extent mullite begins to crystallise out from the melt. It is suggested that the rock fragments act as sites of heterogenous nucleation, initiating anorthite crystallisation. As the remnant molten materials cool on the rotating grate at the bottom of the gasifier, a CaO-and FeO-bearing aluminosilicate glass is formed on solidification of the melt.
Potassium feldspar, in the form of microcline, is commonly present in the non-coal rocks associated with South African coal seams [18] . The potassium feldspar noted in the bulk coal gasification ash (Table 6 ) may thus represent residual particles originally of detrital origin. The euhedral shape of the anorthite crystals (Fig. 4, top right) , however, and their textural relationship to the associated glassy matrix, suggest that most of the anorthite crystals formed in the gasification ash from the molten state, in a manner analogous to the crystallisation of igneous rocks from magmatic materials. The textural features suggest that melting and subsequent crystallisation has taken place, and that solid-state reactions resulting in feldspar formation, identified in combustion-based studies [23] , [22] , [24] and [25] are less significant in the fixed-bed gasification process.
Because of its high melting point, anorthite is the first feldspar mineral to form during crystallisation of igneous rocks, crystallising from silicate magmas at around 1550 °C [26] . This is consistent with its occurrence in the clinkers of the present study. The abundance of CaO in the feed coal ash (Table 2 ), relative to Na 2 O or K 2 O, suggests that significant quantities of anorthite would be able to form from the melt developed in the gasifier before the composition of the liquid phase could change, as a consequence of Cafeldspar crystallisation, to the point where a more sodium-rich feldspar mineral might start to crystallise from the melt instead.
Aluminosilicate glass
The aluminosilicate glass in the coal gasification ash and clinker samples, as determined by electron microprobe analysis (Table 6) Table 6 , and the proportions of the same oxides inferred from the bulk chemistry of each sample and the quantitative XRD data ( 
Other particles and phases
A range of other particles and glassy phases is also present in the samples, and the composition of some of these is indicated in A range of phases rich in iron and magnesium are also indicated in Table 7 The iron may react with inorganic elements or substances to form a spinel, such as magnesioferrite (MgFe 2 O 4 ), which dissolves in the melt formed from the decomposition products of kaolinite, calcite and pyrite at 750-750 °C to form Fe-Mg silicate glass [8] .
Phases consisting of iron and sulphur are also present, with a composition close to that of pyrrhotite (FeS, 63.6% Fe, 36.3% S) rather than pyrite (FeS 2 , 46.6% Fe, 53.4% S). These are probably reaction products of pyrite in the original feed coal. Under reducing conditions, such as those developed during gasification, pyrite decomposes at a temperature of around 700 °C to form pyrrhotite and S 2(g) [3] and [27] .
Conclusions
Integration of XRD, chemical analysis, optical microscopy and electron microprobe studies has provided an improved basis for understanding the nature and origin of the bulk gasification ash and clinker components produced by fixed-bed gasification, openUP including the links between the mineral matter in the feed coal and the various gasification ash and clinker constituents.
The bulk gasification ash, heated stone and clinker samples produced by the gasification process contain fragments of heat-altered rock materials, set in an often vesicular, partly crystalline glassy matrix. Quartz and possibly K-feldspar in the feed coal or admixed non-coal rocks may pass unaltered into the bulk gasification ash, along perhaps with titanium or iron-titanium oxides and aluminophosphate minerals. Pyrite also reacts to form pyrrhotite as part of the gasification process. Although products of solid-state reactions may be preserved in some of the heat-altered fragments, anorthite that has crystallised from molten aluminosilicate material is contained within a glassy matrix in a manner analogous to the formation of igneous rocks.
Rietveld-based X-ray diffraction can be used to quantify the proportions of the different minerals, and also the amorphous glass, in coal gasification ash and clinkers, and relate these to the minerals in the feed coal as determined by similar analysis of the oxygen- 
